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INTRODUCTION 
Seientists have long desired to be able to induce 
predietable and specific mutations at will. For a long time 
those mutations which were spontaneous or induced were ~ntirely 
undirected and unrelated to environmental conditions. Recently 
in bacteria specific inheritable changes have been induced in 
susceptible cells when grown. in the presence of certain 
chemicals, dead cells, culture filtrates, or cell extracts 
from. a genetically dissi:rnil.ar member of the same species. 
Since many of the reactions thus far induced involve 
rough and·smooth strains, it will be necessary to first 
mention a few charaeteristics of these strains. 
Sm00.th: l. Smooth bacteria are virulent and have a capsule 
eomposed of polysaceharide. 
Rough: 
·2. They can be classified into many types according 
to the chemical composition and imm:unological 
properties of the capsular polysaccharide (I, II, etc.) 
'.;.,3. The serological type is inherited and maintai.Ded 
as long as cells are smooth (S). 
4. S strains spontaneously mutate to R (rough) strains. 
l. These bacteria are nonencapsulated and avirulent. 
2. They lack the serological type specificity of 
the parent. 




In 1.925 the first data was published regarding transfor-
mation., It was then discovered that one species of bacterium 
grown in the presence of a second, closely related species 
would acquire several properties of the second (Frobisher). 
In 1928 Griffith conducted experiments in which avirulent, 
R strains of pneumococcus derived from one specific S type 
were inoculated subcutaneously into a mouse together with 
heat killed S cells of a heterologous type. Many of these 
mice died, and from them were obtained many virulent, encapsu-
lated, living S cells of the heterologous type. These results 
may be represented by the following symbols: 
SII 
into mice 
--..,.) R -----~ BIII 
heat-killed 
SIII cells 
Griffith's discovery was so novel and important that all 
alternative explanations had to be ruled out.. In 1931 Dawson 
and Sia aided in eliminating the possibility that a few viable 
organisms had remained in Griffith's vaccine. They discovered 
this same transformation when small inocula of R forms were 
grown in media containing vaccines prepared from heterologous 
S cultures. This in vitro transformation was most readily 
effected when anti.i:.R serum was employed in the culture medium. 
Alloway in 1932 conducted ~ vitro transformations in 
the presence of cell-free extracts fro.m S eells prepared by 
·che dissolving action of sodium deso:xycholate. Relatively 
small amount~ of extract were effective when added to a broth 
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eontaining normal serum or serous fluid. 
Since 1945 study has proceeded al.ong two main lines • 
. Chemical studies have confirmed that DNA is the transforming 
agent and have determined its chemical and physical properties. 
·The active transforming principle.was isolated by Avery, 
MaeLeod, 'and McCarty in 1943; and they found it to consist 
of a highly polymerized, viscous form of deoJcyribonucleic 
acid. They determined this by the following tests: 
1. Because of the determined C, N, and J? ratios, )?rotein 
impurities could not c.onsti tute a very significant 
portion of the transforming principle. 
2. Biuret and Tu1illon protein tests were negative. 
3. The orcinol test for RNA was weakly positive, but no 
more so ·t;han the same test on calf thymus DNA. 
4. No loss of transforming activity resulted after 
treatment with crystalline trypsin, cbymotrypsin and 
ribonuclease • 
.5. The light absorption was maximum at 2600 AO and minimum. 
at 2,300 A0 • This is similar to nucleic acids in general. 
6., DNase enzymes rapidly denatured the transfo:r:ming 
principle whereas other enzymes could not do this. 
When the DNase was denatured by heat, it could not 
inactivate the transforming principle. Also, the 
temperature at which DNase activity was lost closely 
resembled that at which the ability to destroy the 
transforming principle was lost. 
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Because of these and a few other tests Avery, MacLeod,, 
and McCarty concluded that ''within the limits of the methods, 
the active fraction contains no demonstrable protein, unbound 
lipid, or serologically reactive polysaccharide and consists 
principally, if not solely, of a highly polymerized, viscous 
form of deoxyribonucleic acid.'' 
However, in 1944 the specific activity of DNA was 
unknown, but several of the following roles were postulated: 
1. It is the genetic material capable of infecting cells. 
2. It is capable of being replicated. This was known by 
the discovery that the active DNA capable of causing 
similar transfonnation isolated from transformed SIII 
cells and their progeny was in excess of the amount 
required for the initial alteration • 
.;. DNA is capable of' controlling a specific metabolic 
function. 
It was Mirsky in 1947 (Ravin) who said that DNA was 
' 
essential for the activity of the transforming principle, but 
that it had not been proved to be the material responsible 
for the specificity transferred. He suggested that possibly 
a non-detectable protein, protected from denaturation and 
proteolytic agents by ·the DNA, could account for the speci-
ficity transferred. 
Hotchkiss in 1948, 1952 (Ravin) showed by the .following 
tests that the presence of such a genetically active impurity 
was highly improbable: 
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l. During purification the composition of the purine 
and pyrimidine bases became more nearly like that 
from calf thymus DNA. 
2. N/P ratios of the transforming principle and cal£ 
thymus DNA were identieal. If there were substantial 
contamination, this would not be so. 
3. As the transforming principle was progressively 
purified, the ,:;1.amino, acids gradually disappeared. 
Glycine was the only °'amino acid liberated, and 
the amount and rate of liberation resembled that 
at which glycine is liberated from the degradation 
of adenine rather than from a protein. 
Oll the Dasis of this, Hotchkiss in 1952 (Ravin) estimated 
that any protein present could not eonspitute more than 
0.02% of the purified transforming principle; and since these 
preparations were active· when highly dilute, the chance of 
a contaminant was remote. Sinee this time further analyses 
with radiation and radioactive markers have .~Aown that DNA 
alone is the genetically active transforming.principle. 
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REACTIONS 
Ravin gives a list of all t.he transformable bacteria 
and genetic characters as of 1961. Following is a partial 
duplication of that chart: 
I. Capsular polysaccharide synthesis 
. II. Filamentous type of growth 
III. Specific protein antigens (M proteins) 
IV. Drug and antibiotic resistance (Penicillin, streptomycin, 
sulf anilamide, erythromyc in, etc.) 
V. Antibiotic dependence (streptomycin) 
VI. Synthesis of specific enzymes 
VII. Sporulation (Bacillus subtilis) 
VIII. Other characters 
l. Ability to infect plants 
2. Intermediate encapsulated types 
3. Mixed or binary encapsulation 
4. Abnormal capsular type 
It is impossible to elaborate on all of these reactions; 
therefore a few will suffice. The transformations related to 
specific somatic protein antigens and drug-resistance were 
helpful in ruling out accidental contamination as explanation 
of Griffith's early experiments. 
Pneumococci contain a type-specific somatic protein, 
called M-protein, which is unalterable in the change from 
S to R. SII(M2) R(M2) + (TP from SIII(M3) ~ SIII(M2) 
However, transformation of M-protein became possible when R 
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strains deficient in 1\/I proteins were used. Such R(m) strains 
resulted after a long period of growth in the presence of 
anti-11/l protein serum. . ~SIII(m2) 
SII(M2) ~ R(l\/I2) ~ R(m2) + (DNA from SIII(M3)} ~ SIII(l\/I3) 
In this reaction the SIII(l\/I3) cells are the result of a double 
transformation and may have occurred in two successive reactions 
or simultaneously within one cell:. 
Double transfo :cmations have also. _occurred with drug 
as follows: : Rpr 
,,?I 
sensitive strains 
SIIps ~Rps+ (DNA 
. "· 'lli pen1c1 n 
s.ensitive 
from SIIIP.r) ~ SIIIps 
penic111\n ~ SIIIpr (double) 
resistant 
Nutritional transformations are also if importance. As 
an example of this, Escherichia coli (KJ.2 strain) has 
successfully transfo:rmed to the ability to synthesize two 
enzymes necessary for the utilization of galactose. 
· A final type of transformation to be mentioned here 
involves mutants which differ from the fully encapsulated 




Synthesizes very little type III polysaccharide 
Synthesizes a larger amount of polysaccharide 
Synthesizes a norm.al, fully encapsulated S type 
The following interactions between the transforming principle 
of donor cells and the genetic determinants of the tra.neform.ed 
cell are a bit unusual. ? SIII-2 (many) 
SIII-1 + (DNA from SIII-2) ~ SIII-!I (few) 
SIII-2 formation has been. term,ed ''autogenic," whereas SIII-N 
has been t.ermed "allogenic.0 Such allogenic transformations 
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suggest an interaction between subunits of the donor 
transforming principle and the DNA of the recipient cell. 
Ravin. sa:ys that transfonnation studies have been 
satisfactory on so few traits because it is necessary to 
separate the transformed from the untransformed bacteria 
especially if the frequeney of transformation is low {less 
than 1% of the treated population). 'I'hus, characteristics 
which can be readily screened on seleetive media have most 
often been studied. Examples of characters especially good 
for study are 1) drug or antibiotic resistance and 2) inde-
pendence of specific growth substances in the medium. 
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COMPETENCE 
Many of the types of transformations which have been 
known to occur have been mentioned ab~ve. It is surprising 
that only a small proportion of known bacteria and even of 
a specific population are competent, or capable of undergoing 
transformation. According to Ravin the most common competent 
bacteria as of 1961 were Pneumococeus, Hem9philus, Neisseria, 
and Streptococcus. Before 1949 there was an R strain of 
Escherichia .£.fil which was easily transformed into an encap-
sulated S form, but it was lost shortly after the death of 
Boivin who was studying it. However, in 1960, Escherichia 
coli (Kl2 strain) underwent transformation, eyen though this 
DNA•mediated transformation was unusual in that a ''helper" 
bacteriophage was necessary for the c.hange to occur. 
Transformations have been reported in other species of bacteria 
such as Agro bacterium, Xanthomonas, and Rhizobium; but as yet 
not·much work has been done on them. In general, among the 
enteric bacteria--Escherichia, Salmonella, and Shigella--
transforma.tions have never be~n reproduced regularly. 
Recently most of the work has been done on Bacillus.,. subtilis. 
The big question which arises is, what makes some bacteria 
competent and others unalterable? Is it the lack of potential 
to reaet or is it a lack of knowledge of the specific environ-
mental conditions and techniques necessary for transformation? 
There has been a great deal of investigation along these lines. 
It is known. that competence is influenced by the age of the 
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culture, the nature of the growth medium, and the phase of 
the division cycle. 
In spite of all the research a singl.e factor causing 
competence is relatively unknown. First of all, the cell's 
genetic constitution was suspected of having some effect. 
It was soon found that the nature of the cell coat was 
important in that thick, gumll\Y, or mucoid capsules inhibit 
DNA penetration. Ravin :lru.nd that in pneum.ococcal strains 
which differed quantitatively in the amount of polysaccharide 
eapsule secreted, transfo:cmability was related inversely 
to the amount of capsule secreted. Along these same lines 
Braun tells of experiments where R strains of' pneumococcus 
displaying different competence abilities also differ in 
bile solubility. 
A second genetic. factor preventing transformation is 
the exocellular secretion by certain strains of DNase which 
is capable of de polymerizing DNA before its entry into the. 
cell. A question which now arises is what prevents endocellular 
DNase from destroying DNA which has penetrated. It has been 
suggested that this DNase is blocked from its action on DNA, 
and that this blocking may occur only during a certain part 
of the generation cycle of the bacterium (Ravin). 
Studies by Young and Spizizen also suggested that there 
is some genetic control of the attainment of competence. 
These studies indicate that the sensitivity of Bacillus subtilis 
to transformation occurs ·at a stage of growth in which 
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presporulation events occur. Those strains of Bacillus 
subtilis which do not undergo sporulat;ion (and thus not 
presporulation presumably) are not competent. It is 
suggested that associated with presporula tion is an alteration 
in cell wall structure which may be the basis of competence 
(Anagnostopoulos and Spizizen). 
When Rotheim was studying streptomyc.in-resistance, 
markers, she reported that a genetic factor, a depressor, 
was linked to this marker. This factor apparently decreases 
the probability of integration of a streptomycin-resistance 
marker into pneumococcus. It was shown to be unlikely that 
this depressor existed before the mutation for streptomycin-
resistance; therefore the two probably arose concomitantly. 
In addition to these genetic factors it has been shown 
that certain environmental factors contribute to transformability. 
In early studies three factors--inorganic pyrophosphate, 
antibodies, and serum albwnin--were found to be important. 
ingredients of the media. The necessity of inorganic 
pyrophosphate depends on the nature of the medium, for it is 
successfully omitted today. Although its function is unknown, 
the chelating properties of polyphosphates suggest that 
pyrophosphate may complex ions which inhibit effective contact 
of the DNA with the recipient cells. 
The antibodies were used in early research to agglutinate 
the recipient bacteria. More recently agar has been used to 
increase viscosity and thus hold the recipients. It was noted 
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by Hotchkiss (Ravin) that shaking to dispurse the cells after 
contact with the exogenous DNA inhibits transformation; there-
fore he suggested that the clumped state provides a .suitable 
environment for the selective growth of transfo.rmants which 
are encapsulated. 
- Though the role of the serum albumin is unclear, Thomas 
(Ravin)· showed that albumin in some way promotes and maintains 
the physiological state of competence, perhaps by making 
pneu.mococci more capable of making an effective contact with 
DNA. Recent research suggests that complexed reversibly to 
albumin are trace amounts of substances that stimulate the 
physi .. ological development of competence. However, albumin is 
not essential, for pneumococci and Escherichia ~ haye been 
transformed without it.. Shigella and Hemophilus inf'luenza 
have been transformed in plain nutrient media. Thus, it 
seems that the conditions for many other transformations are 
far less complex. 
There have been several successfµl attempts at increasing 
the·number of competent cells among strains which normally 
undergo transformation. In 19.59 Opara-Kubinska studied the 
effect of centrifuging on the competence of strain 36A of 
Q. ;eneumoniae Type. XII to be transformed to streptomycin 
resistance, and she noted that centrifuging results in a 
considerable rise in the number of transtormed bacteria .• 
Anagnostopoulos and Spizizen studied the con~tions 
required to develop optimal sensitivity of Bacil1us subtilis 
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strain 168, which is indole-dependent, to transformation to 
prototrophy by wild-type strains with 32P labeled DNA. Optimal 
sensitivity to transformation was achieved by growth in a 
glucose minilll.al medium which also contained an ammonium salt 
as C and N sources, indok or L-tryptophan, a chelator :for 
cupric ions, and acid-hydrolyzed casein. If relatively large 
amounts of amino acid are present, sensitivii,y to transformation 
is.reduced, possibly by permitting synthesis of wall comJ;)onents 
which prohibit DNA entrance. 
It seems that allowing cells to multiply in t~e medium 
before DNA is added increases the number of competent cells. 
Braun mentions that a four hour growth of pneumococcus in a 
serum medium sensitizes cells. It was noted that this sensi-
tization was lost if the cells were washed or if they were 
incubated two hours longer. 
It·has been obvious to investigators that there is a peak 
period of' competence. Young and Spizizen find this competent 
period during the latter half of the logarithmic stage of growth, 
for it is during this time ·chat the cells bind DNA irreversibly. 
Thus competence seems to be a physiological property that 
arises during a certain fraction of the generation period of 
the bacterium. 
Ottolenghi and Hotchkiss noticed tlla t when a populat;ion 
itself is most susceptible to transformation, the cells are 
producing the greatest quantity of material for the transfor-
mation of other cells.. Accumulation of this extracellular DNA 
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has been reported by several authors in cultures of Brucella, 
Mierococcus, Alcoligenes, Pseudomonas, Flavobacterium, and 
Neisseria. This phenomenon indicates that transformations 
may not be restricted to laboratory conditions. Ottolenghi 
and Hotchkiss also have evidence that with grqwth ·t;here is 
released int;o the culture medium some factor which interferes 
with transformation by DNA, although this material does not 
behave like DNase. 
This period of competence seems to be fairly short. 
Thomas (Ravin) calculated it to be fifteen minutes which is 
about one half the time required for the population to double 
in the medium. E,xperiments have shovm that during this 
competent period, DNA needs to be in contact with the recipient 
cells only a short tirne. With Hemophilus inf.luenzae thr~e 
. . ' 
minutes of contact with DNA seems to be sufficient to initiate 
transformation. For pn,eumococcus fifteen minutes of exposure 
after a four hour sensitization :period, seems to be sufficient. 
Fox and Hotchkiss found that batches of' competent bacteria 
c6µ.ld be preserved for transfonnation experiments by freezing 
at -206 in 10% glycerol. Following melting and incubation at 
37° the cells lose their competence; however after twenty 
minutes in proper condi-t;ions (serum albumin, ca:++, amino acids, 
and glucose) competence returns. 
The physiological state of competence is related to DNA 
penetration throug;h the cell. 1I1he question of how the DNA 
penetrates is one still not settled. There is evidence for 
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two different theories, and it has been suggested that both 
may be important. The "localized protoplast'' theory proposes 
''naked'' regions on the cell surtace of competent bacteria. 
The$e may be whe.re the division septum is fonning and may 
temporarily be free of cell wall material. This would be 
an explanation of the periodicity of competence. The second 
. ,, 1 ' 
theory termed "enzymatic receptor" holds that competent bacteria 
have synthesized on their surface enzymes which have the 
cata;tytic ability to bind DNA. Somewhere during the process 
of growt~ and reproduction this factor is synthesized; thus 
periodicity of colllpetence is explained by this theory also. 
Research suggests that the walls of competent bacteria are 
temporarily permeable to large molecules including DNA. Fox 
and Hotchkiss in 1957 provided strong evidence that competence 
is related to the synthesis of enzymatically active receptor 
sites on the bacterium surface. They calculated that there 
were about 35-75 adsorption sites. on the competent bacteri~, 
and that the periodicity of competence was ~sociated with 
the appearance and disappearance of such sites. It has already 
been mentioned that the presence of ca++ and albumin are 
important for the development of competence. This plu~ the 
fact that conditions suitable for protein synthesis (amino 
acids and glucose) are required for competence to arise gives 
further evidence that DNA fixation is an enzymatically catalyzed 
process. Another good indication is that chloramphenicol, 
which is an inhibitor of prGtein synthesis, blocks the 
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development of competence. It has been suggested that 
possibly both of these theories may play a role in the 
entrance of DNA. 
In 1963 Pakula and Walczak published their evidence 
along these lines. They reported that sterile, supernatant 
fluids from cultures. of competent streptococci contain a 
factor which provokes competence of non-competent homologous 
and related cells. When this :factor is added, transformations 
can occur in a medium containing neither serum nor albumin, 
i.e. in which conditions transformation of streptococci never 
or very infrequently occurs. They concluded that the presence 
of serum or albumin and probably an additional unknown substance 
is essential for production of thi.s provoking factor and the 
subsequent development of com.:petence in Streptococcus sM,guis. 
This factor was never found in cultures which were not comvetent 
during a given period of growth. The factor which provokes 
competence seems to be an enzyme. The induction of competence 
is time and temperature d,ependent, and the fa~tor, i tseJ.f, is 
·heat sensitive and does not pass through Visking dialysis 
tubing. Thi.:i.s Pak:1.;tla and Walcz.ak concluded tllat t•t;he conversion 
of non~competentcells into competent ones seems to be concomitant 
with an enzyme reaction." 
Penetrance was also studied by "mo~ecular shearing" or 
breaking the DNA molecule without separating the complementary 
strands. Spraying at high pressure through an atomizer or 
exposure of a DNA solu·tion to ultrasonic oscillations will shear 
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the •olecule. It was noted. that solutions of these fr~e~ted 
mol.ecuJ.es still retained transforming activity, but the 
prin~ipal. eff ec.t of shearing· was to reduce ~he capacity to 
penetrate the bacterium. Ravin says that it is possible for· 
less .than entire molecules integrated into a cell to effe.ct a 
transformation; however the molecule as a whole is necessary 
for e.ffecti ve contact with the recipient bacterium.. .According 
to him there seems to be no reason to invuke the notion that 
anything less than a native, high molecular weight DNA m.olec\11.e 
enters the recipient bacterium. Also, only one unit. of trans-
forming ae,tivi ty., presumably o:oe DNA molecule, is sufficient 
to make an effective contact with a bacterium and cause it 
to be transformed. 
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MECHAI'ITSM OF TRANSFORMATION 
An important discovery was made when Marmur and L,ane 
studied DNA denatured by heat. They noted that even when 
heated to temperatures where all the molecules are denatured 
(strands separated), some transforming activity is still 
retained. However, this single-stranded form. is not readily 
taken up by the cells. Following ~ast cooling results single-
stranded DNA with one half the molecular weight of the original 
DNA. During slow cooling strands recombine by complementary 
base pairing over most of their length. This form has as much 
as 50% of its original transforming activity and is called 
renatured. It ~ppears that this reunion can take place betweeµ 
complementary strands or between strands which possess 
structures specifying each other over a large part of their 
respective lengths. Thus exists the possibility of forming 
heterozygous DNA molecules with genetic markers or chemical 
modifications in both strands. With the heterozygote as 
pictured here it would suggest that the information from. both 
strands could be expressed. There is a discrepancy of results 
regarding transformations with DNA marked on both strands. 
The difference is between Hemophilus and pneumococcus. 
Lacks (1962) has described experi1nents which suggest that in 
pneumococcus one of the strands is degraded soon af'ter uptake. 
With Hemophilus, Herriot (1963) found that, the marker on each 
of the hetero zygote strands appeared after_ ·transfo :cmations; 
therefore he concluded that both strands are utili.zed. 
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· Recent studies of the transformation process in pneumococcus 
have shown that immediately after entry into the cells, the DNA 
loses its transfonning ability, only to be graduall;r recovered 
within seve.ral minutes. The results of Lacks' observations 
indicate .that very soon after or during its introduction into 
the cell, DNA is converted partly into low-molecular-weight 
fragments and partly into single-stranded polynucleotides, 
and that incorporation of a portion of the latter into the 
recipient DNA is the :physical basis for the genetic tr~sformation. 
Lacks suggests that tbis fragmentation process may be an essential 
step in the entry of DNA into the cell. This finding that 
single-stranded DNA is an intermediate in transformation e:x;plains 
why artificially produced single-stranded DNA is able to 
transform once it is incorporated into the cell, and also why 
the DNA is unable to express itself phenoty:pieaJ.ly before 
further integration. Wood and Berg in 1962 (Lacks) .said that 
single-stranded DNA may be unab:L.e to transfer information in 
protein synthesis because it is unable to make messenger ~A. 
This single-stranded sta:te is only transitory, for within ten 
minutes it has either been integrated or fragmented. 
The next stage in the transformation process is siynap~is, 
which is followed by recombination. Information about synapsis 
and rec.ombination have been attained from studies of allelism 
and linkage in transfonning agents. Synapsis occurs between 
e:x:ogen.ous and endogenous DNA. Herrio·t•s (1.961) experiments 
with He·mo:philus showed that syn.apsis must take place between 
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two. double helices in order for two linked markers of a hybrid. 
molecule, to be integrated into the recipient's genome. He 
said that recombination must involve the replacement of a 
segment of .a double helix for a corresponding segment of the 
homologous double helix. In 1958 Schaffer (Ravin) assumed 
that the exactness of pairing depends on the extent of the 
structural homology between the donor and recipient DNt. The 
less exact the pairing, the less frequently is the exogenous 
DNA marker integrated into a ge.nome. The homology is less 
between DNA of different species; this accounts for the 
difficulty of such transformations. In addition, it has been 
noted that the size of the marker affects the frequency of 
transformation. Two linked markers are incorporated much less 
frequently than either one separately. Thus it is assumed 
that the larger the segment to be integrated, the lower the 
probability of genetic integration. Ravin showed that markers 
more sensitive to ultraviolet light are integrated less 
frequently; hence they occupy a larger segment of DNA molecules 
bearing them. Also, if the regions of the molecule adjacent 
to ·I.he marker are homologous with the recipient DNA, integration 
will be more likely. Ravin also says that when a marker is 
integrated, it is removed from the major part of the molecule 
which bore it. Thus, any marker of heterospecific origin, if 
it suc.ceeds in being integrated, is relieved of whatever part 
of it was dissimilar with the eJ:1dogenous homolog. 
Recom})ination has been defined as ''any process in which 
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two parents differing by more than one genetic character 
give rise to progeny possessing a new combination of the 
parental charac.tersn (Ravin). Taylor (Ravin) showed that 
transformation does not involve a mere addition of genetic 
material to the recipient's genome. The recipient cell 
contains a homolog of the exogenous DNA, and transformation 
comsists of a partial replacement of an endogenous with 
exogenOU$ DNA. 
Two classic schemes account for ''crossing-over" between 
homologous chromosomes in higher organisms, but it is doubtful 
that either one can ecactly account for the process in bacteria. 
The exact me.°-hanism of crossing-over is unknown in bact.eria. 
The two schemes in higher organisms are 1) breakage-reunion 
and 2) copy-choice. In breakage-reunion the homologous 
chromosomes break at homologous points along their lengths 
and two different chrom9somes are formed by f'us;i.on of originally 
separate parts. During the copy-choice process the homologous 
chromosomes serve as ,templates, and the newly synthesized 
replicas are copied alternately from two templates •. The 
breakage-reunion model would predict the recovery of reciprocal 
recombinant products, . but these have not been observed. 
For the most part the copy-choice mechanism seems excluded, 
for it has been shown that there is no replication of the DNA 
until, after recombination. However, Ravin says that it is 
possible that "two distinct mechanisms of recombination occur: 
one resulting in reciprocal products and occurring over relatively 
,. 
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long distances of the chromosome, and the other capable of 
giving rise to nonreciprocal products occurring at the 
microchromosomal, perhaps molecular level." He also suggests 
a revised model of breakage-reunion where a portion of the 
exogenous molecule is tr.ansfer~d directly into the recipient 
molecule by substituting for the homologous segment wbicb is 
eliminated. 
It has been detennined that for different· characters 
there are separable agents which are transferred independently 
of each other. Evidence for this independent transfer indicates 
one.of several mechanisms: 
l. In a bacterium the genome is split up into separate 
DNA elements which are released independently when DNA 
is extracted from a cell. 
2. The process of extracting DNA from a cell causes the 
break up of an organized organelle into separate DNA 
molecules. 
,3. The process of incorporation .and,integration.·into,a,. 
recipient cell causes the DNA molecule to be broken 
into fragments which are then integrated at random, 
some being excluded. 
4. Some combination of the above mechanism. 
There is no cytological evidence for the first mechanism. 
The second is possible because there is physiochemical hetero-
geneity within a DNA preparation. from one source. However, 
every DNA molecule carries several pieces of information, not 
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all of which are integrated into the recipient genome. On 
one hand :there appear to be different DNA molecules of different 
genetic specificity ob'.bainable from one source. The characters 
on each of these different molecules, of course, could be 
integrated separately. On the other hand, Ravin says that one 
molecule of DNA carries several different pieces of genetic 
information, and these pieces can be separated from each other 
during recombination. These determinants on a single molecule 
have been known to be transferred in a ''linked'' fashion. 
These linked factors are not necessarily related in any way 
biochemically and may affect quite different biochemical 
reactions. As of 1961 Ravin and Iyer (Ravin) had d.d..scovered1, 
I\ 
five independent mutations, all on the same DNA molecule, which 
' I 
confer resistance to the antibiotic erythromycin in pneumococcus. 
Following recombination whatever part of the molecule is 
not integrated into a genome is discarded, for reciprocal products 
do not occur. The nf3xt event to occur is the replication of 
the new genome at a rate identical to that of the resident 
genome. After several years, of debate and such studies as 
Ephrussi-Taylor's (Ravin),with chloramphenicol inhibition, it 
has b,een ~etermin~d that there is no copying of the introdueed 
marker or DNA prior to genetic integration. 
There are no current techniques to detect cells pheno-
typicaJ..ly active which are not replicating the marker, but it 
is thought that phenotypic expressioµ of a genetic determinant 
does not require prior integration. This was a result of 
! 
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Hotchkiss's experiments with a streptomycin-resistance marker. 
The marker was not always integrated, yet it was capable of 
altering the phenotype of the 1.•ecipient cell. This later was 
I 
termed pseudoresista.nce byEphrl.:lssi-Taylor. These cells could 
survive but not reproduce in streptomycin. Ephrussi-Taylor 
(Ravin) noted that only twelve minutes after uptake of the DNA 
r 
this. ;r:-,esistance appears; however the ability to reproduce does 
not appear ·till three hours after uptake. 
In spite of this phenomenon of pseudoresistance, experiments 
suggest that DNA must not only be incorporated but must be 
permanently integrated into the cell in order to elicit enzyme 
synthesis (Lacks and Hotchkiss). In addition to integration 
it seems that repJ.ic.ation of the newly introduced DNA must 
a,lso occur before protein synthesis. More significance can 
be attached to this fact when it is remembered that the function 
of the infecting gene is the ordering of the synthesis of a 
specific protein. 
The three events--penetration into the cell, recombination, 
I ' , 
and. replication all seem to occur within a brief period. 
In !femophilu.2 influenzae studied by Voll and Goodgal the half-
maximum amount of recombination is attained within fifteen 
minutes after exposure to DNA. Lacks andHotchkiss's studies 
of streptomycin-resistance in pneumococcus have sbown that this 
character manifests .itself' sixt-y minutes after DNA incorporation. 
Among some bacteria the number of replications by the second 
generation depends on the environmental conditions and the 
/ 
-25-
physiological state of the cells. In some clo:n.es replication 
appears later than this; however by applying proper environ-
mental conditions it is possible to cause replication in the 
majority of infected clones by the second generation .. 
In cases where streptomycin-resistance is being transferred 
to sensitive cells and the resistance does not appear for 
several generations, it may be that there is a substance produced 
by the sensitive cells which must be diluted out of the cells 
by repeated divisions before any cells can beco~e resistant. 
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SIGNIFICANCE 
Arry study such as this on the process of transformation 
would not be complete without mention of its applicability 
to current and future practical problems. These phenomena 
are of biological significance in that they aid in elucidating 
the mode of action of genetic determinants and thus attempt 
to solve some of the problems of inheritance in all forms of 
life. Thus far studies related to transformation have shown 
that directed changes in the hereditary prope~ties of bacteria 
are possible under certain conditions. Secondly, they have 
confirmed that it is the DNA compound which is genetically 
active. Thirdly, they have revealed that DNA can vary in its 
biological specificity, and that one DNA preparation may 
affect several hereditary properties. In addition to these, 
transformation reactions are being used to discover the 
relation between molecular size or weight of DNA and its 
activ'i ty, and also the relation between a change in DNA structure 
and the·mutation resulting. Transformation is used for these 
studies because, so far, this is a good way to measure DNA 
activity. 
Transformations have great significance for the field 
of medicine, also. Many transformations of cells have been 
induced here, among which are transformations of human lympho-
cytes from the peripheral blood into larger cells capable of 
division. In another study strands of mouse subcutaneous 
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connective tissue--one which forms tumors and one which does 
not form them--were transformed in mixed cultures into a new 
cell line similar in chromosomal, biological, and morphological 
characteristics to the parent lines; however these cells were 
highly malignant. Also in the field of medicine, al:J_ogenic 
transfor·mations can be o:f great epidem.iologic significance. 
Cells o:f moderate virulence or relatively avirulent when 
coexisting within a host under conditions :favoring transforma-
tion can result in highly virulent strains.' 
Genetic. transformations are also suspected to have played 
a role 1in the evolution o:f bacteria since they can give rise 
to unusual combinations o:f characteristics. Since there are 
a, many combinations :formed, it would not be long before 
adaptations for certain environmental conditions and ecological 
niches ·would arise. It bas already bee.n mentioned in this 
paper that pneumococci, when most susceptible to transformation, 
release DNA into the medium. This suggests that transformations 
may not be restricted to laboratory con.di tions and transformation 
may- provide a natural mechanism for genetic ,recombination in an 
organism in which no such mechanism has been noted thus far. 
Takahasi suggests that this type of transformation could be 
a prevalent ·mode o:f genetic exchange in such favorable habi-
tats as the root surface and the rhizosphere. 
~ya knowledge of the internal and external conditions 
required for transformation it is hoped that transformations 
can be extended to other specie.s o:f microorganisms and to the 
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cells of higheI' plants and animals. It has been I'eported that 
attempted genetic transformation in rabbits by artificial 
insemination with semen incubated with DNA have resulted in 
no transformations at the albino or sex loci. 
Through this survey of the field of transformation it is 
seen that there remains a lot to be uncovered,:, and that every 
new discovery is of value. 
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